Abstract-We describe two different modes for electronically detecting an adsorbed molecule using a nanoscale transistor. The attachment of an ionic molecular target shifts the threshold voltage through modulation of the depletion layer electrostatics. A stronger bonding between the molecule and the channel, involving actual overlap of their quantum mechanical wavefunctions, leads to scattering by the molecular traps that creates characteristic fingerprints when scanned with a backgate. We describe a theoretical approach to model these transport characteristics.
I. INTRODUCTION
T HE DEVELOPMENT of electronic "touch" sensors has far-reaching implications for the real-time, reagentless detection of single-molecules using a scalable, solid-state platform. The prototype electronic sensor device is a chemically modulated field-effect transistor (ChemFET), which works on purely electrostatic principles. In such a sensor, an ionic target modulates the accumulation or depletion layer charges and thereby the channel resistance of a receptor functionalized, back-gated silicon-on-insulator (SOI) or a nanowire transistor [1] . The attachment of a target molecule transfers charge to the receptor and the resulting electronic repulsion shifts the corresponding transistor threshold voltage [ Fig. 1(a) ]. Although its operational principle is quite simple, the device has some limitations-it relies on the detection of a single quantity, the attached charge, making it difficult to detect an unknown molecular species. The long-range nature of the electrostatic signals makes the device prone to false positives created by stray charges in its vicinity. Parallel detection of many species of molecules will require creating a parallel array of variously functionalized wires with accompanying challenges related to alignment and crosstalk. Finally, the threshold shift needs to be completely immune to the dynamics of traps at the silicon-oxide interface. A radically different principle of operation involves chemical bonding with a molecular species, transferring charge, and spectral weight between the molecule and the silicon surface either through direct attachment, through an intervening oxide tunnel barrier or through a receptor that provides a convenient superexchange pathway. The overlap of molecular and silicon wavefunctions serves to passivate existing surface states, as well as to create new localized molecular trap levels inside the silicon bandgap. At resonance driven by a gate, the traps are stochastically filled and emptied by the channel electrons [2] , blocking and unblocking the channel through long-ranged electrostatic repulsion (Coulomb scattering), as well as short-ranged quantum interference (Fano scattering) [3] . The resulting two-state random telegraph signal (RTS) can be used to locate the trap position both spectrally, as well as spatially [4] , [5] . Such principles of trap detection are short ranged and have the potential of being truly selective, with a large signal-to-noise ratio [6] . The effect can be enhanced in modern nanodevices as they can be fabricated practically defect free with near ballistic levels of operation. In contrast with ChemFETs, where one detects a single threshold shift for a specific molecule, here we encounter an entire spectral nano-"barcode" that can be compared against a compiled table of theoretical responses to characterize and sense a molecular species. Since these devices operate by modulating surface properties of transistors, we call them "SurfFETs." The significant advantage of such SurfFETs is their exclusive detection of only molecules that overlap significantly with the channel to cause a transfer of states. Remote, physisorbed molecules in the vicinity do not create traps for RTS detection. This paper develops the basic model behind charge detection in ChemFETs and SurfFETs (Fig. 1) .
There has been little modeling effort in quantitative understanding of electronic sensing, principally due to the complex geometry and chemistry at the molecule-receptor and the receptor-transistor interfaces, as well as the interfacial electronic structure that combines both short-ranged chemical and long-range band correlations. For a ChemFET, the principal evolution equations are simple, and the difficulty is with the practical implementation that will need to combine atomistic charge-transfer processes with macroscale electrostatics. For FETs long enough to have slowly varying channel potentials, the macroscopic band-bending and the microscopic charge transfer processes can be treated independently. We can thus use density functional theory (DFT) to compute the reconstructed silicon and molecular attachment geometries, the interfacial dipole and band-alignment, and incorporate these results into a separate Poisson solver to compute the band-bending along the transistor depth direction. Dipole-induced threshold voltage shifts calculated using this approach are in good agreement with recent experimental data [7] , [8] . Modeling quantum detection in SurfFETs is more complicated and needs attention to many-body effects in the molecules that act as quantum dots with strong confinement. Capturing these many-body excitations quantitatively will require solving a multi-electron master equation for Coulomb Blockade and multiphonon processes in the dot [9] - [11] . Since the underlying transistor channel electrons are weakly interacting, we can then extract a time-dependent "mean-field" or one-electron response function that can be used to simulate Coulomb or quantum scattering by the dot. The temporal response is then incorporated through a potential or a self-energy function into a time-dependent nonequilibrium Green's function (TDNEGF) formalism [3] , [12] - [14] to calculate the voltage sweep-dependent channel current.
II. ELECTROSTATIC DETECTION OF MOLECULES (ChemFETs)
Let us first discuss the surface modulation of transport characteristics in a ChemFET, where dipolar molecules grafted on the conduction channel affect the threshold voltage of the conventional Field-Effect Transistor (FET) [ Fig. 1(a) ]. In the diffusive transport regime for the FET, the transistor current-voltage (I-V) characteristics follow standard square law theory [15] : (1) where and are the channel width and length, is the oxide capacitance, is the channel mobility, , , and are the gate voltage, threshold voltage and source-drain bias respectively, and is the body correction factor, denoting the dielectric constant and denoting the thickness of the oxide and the channel . As schematically illustrated in Fig. 2 , we use density functional theory (DFT) within the local density approximation with gradient corrections (LDA-GGA) in the Vienna Ab-Initio Simulation Package (VASP) [16] , [17] , to obtain the reconstructed geometry at the silicon-molecule interface. The method also gives us the shift in work function and the interfacial dipole, which are then included into a Poisson solver in ADEPT [18] to calculate the band-bending and shift in threshold voltage, as shown schematically in Fig. 2 .
There are two contributions to the threshold voltage shift in a ChemFET. The purely dipolar components give a shift in potential given by (2) where gives the areal surface density of the attached molecules, is the static dipole moment of their head groups oriented at an average angle relative to the normal, is the molecular dielectric constant, and is the channel thickness to its backgate. Electrostatic screening is characterized by the Debye length , where is the dielectric constant of the channel, is the permittivity of free space, is the temperature, and is the channel electron density. As expected, the contribution is opposite for opposite dipolar signs as the charges effectively gate the channel and lead to further accumulation or depletion of charge.
The computed dipolar shifts for two distinct molecular species (nitrobenzene and aniline) [8] agree quantitatively with experimental values, obtained by combining the data from UPS/IPES and XPS measurements [19] . In addition, the experiment shows a larger contribution to the threshold shift which maybe due to band-alignment with the uncharged molecular backbone that leads to transfer of charge to the transistor top surface. The shift is given by the difference between the channel Fermi energy (which is often pinned by surface states) and the charge neutrality potential of the molecular backbone (the energy to which electrons need to fill the molecule to keep it electrically neutral). The work-function shift of the molecule is then given by (3) where is the single-electron charging energy of the molecular level and is its density of states near the Fermi energy. Assuming the molecular states are well tied with the silicon surface, this will also shift the surface potential of the channel by the same amount, which gets transferred to the bottom of the channel, through the same exponential Debye screening factor, so that . The final shift in threshold voltage is then given by (4) The computed shifts due to the dipole and the charge transfer for the different systems have been tabulated in Table I and agree quantitatively with experiments [7] .
The experiments were performed on dipolar molecules with a low-doped pseudoMOSFET, providing a very long Debye length ( for a doping level of ) that allowed the threshold voltage of the backgated pseudoMOSFET to be sensitive to dipolar fields from their surface. In these devices, the current spreads beyond the bottom layer as the FET is operating in the accumulation rather than the inversion mode. Our calculations in Table I were calibrated to these specific experimental results. For reliable device-level integration, however, the FETs need to be doped strongly to make them robust with respect to variation of device parameters. Since this would shorten the Debye length substantially, this would require thinning down the channel considerably, such as by employing silicon nanowire FET sensors, for example [20] . The approach outlined in this paper is quite general and carries over to such FETs as well, although the details of the molecular attachment on the nanowires (necessitating a DFT-based computation), as well as the screening of the dipolar electrostatics by the lower dimensional wire will be different. In addition, for nanowire FETs, the square-law theory needs to be modified [21] . The underlying quasi-ballistic equations can be obtained by replacing the oxide capacitance with the semiconductor quantum capacitance, and the mobility limited electron velocity by a harmonic mean of the the contact injection velocity and the band velocity of the channel material.
III. QUANTUM DETECTION OF MOLECULES (SurfFETs)
The operating principle for a SurfFET is the creation of molecule-specific traps, whose stochastic filling/emptying near resonance alternately blocks and unblocks the underlying transistor channel and creates a corresponding flicker in its output current. The ensemble of gate voltage windows over which such random telegraph signals (RTS) manifest themselves map out the molecular "bar-code," thus functioning as a powerful characterization tool. RTS has already been successfully employed to detect a single center dangling bond in a commercial transistor [22] , and also to detect discrete defects in carbon nanotubes [6] . The process can be combined with other probe techniques (temperature, magnetic field, etc.) to further characterize these systems more precisely.
The simulation of RTS dynamics would, in general, require coupling the response of a strongly correlated quantum dot, solved using a multielectron master equation [9] - [11] , with a time-dependent nonequilibrium Green's function (TDNEGF) formulation [3] , [12] - [14] for electron transport in the weakly interacting transistor channel. For the sake of simplicity, we will adopt a simpler model where all transistor modes act as independently conducting channels. We will also ignore "memory" effects by invoking an adiabatic approximation, simply making the input parameters of the steady-state NEGF transport equations [23] time-dependent. This can be justified since the electron capture and emission rates in the channel must be much slower than the voltage sweep rate in order for their detection. Under these circumstances, the steady-state current at the left contact is written using the Landauer formula [24] (5) where are the bias-separated contact Fermi functions for the , electrode, with electrochemical potentials , related to Fermi energy . The transmission function is determined by the channel couplings (assumed equal, ) with the source and drain contacts, and the channel Green's function whose imaginary part determines its density of states (6) The stochastic dynamics of the dot influences the channel Green's function through Coulomb repulsion, making it timedependent. For an initially empty dot with a single energy level (7) The dot occupancy varies stochastically between 1 and 0 near resonance (single-electron limit, assuming a weak dot- channel coupling). Since the trap itself is nonconducting, filling the trap kicks the formerly conducting channel level out of the source-drain bias window through Coulomb repulsion , thus blocking the channel and reducing its current. Subsequently, emptying the trap unblocks it. We can easily generalize this approach to other channel densities of states. For instance, the Green's function for the inversion channel of a 2-D MOSFET is given by (8) where is the channel effective mass, is the area of the charge carriers, denotes bottom of the conduction band, and is the Heaviside step function. The time-dependence of the dot occupancy over a time-step can be extracted from a Monte Carlo simulation with a capture probability and an emission probability , the capture and emission times given by
where is the local density of states of the channel at the site of the trap, is the quantum coupling or bond-strength between trap and channel, the dimensionless factors denote the capacitive transfer factors between applied and local potentials at the gate and drain, respectively, and is the occupancy function for the trap, assumed to be in equilibrium with the channel (10) The factor 1/2 represents the double-degeneracy of the paramagnetic dot state. The singlet state of the initially empty trap is assumed inaccessible due to its large on-site Coulomb cost.
The trap-channel interaction process is summarized pictorially in Fig. 3 , while the mathematical ingredients of our model are summarized in Fig. 4 . The method is readily generalizable to any channel density of states beyond a single-level Fig. 4 . RTS simulation approach consists of solving for the stochastic dot dynamics using Monte Carlo [ (9), (10)] and using the output potential to shift the channel density of states [ (7), (8)], which in turn is populated by the contacts at rates to drive the current [ (5), (6)]. Lorenzian and 2-D MOSFET assumed here. In the matrix TD-NEGF form, it can include additional effects due to quantum interference and memory [3] . Through many-body rate equations, it can also include strong correlation effects on the dot. Finally, through additional self-energy matrices it can include dephasing events due to coupling with the environment. The trap-driven channel equations (5)- (10) explains the origin of RTS in nanoscale FETs. For a given gate voltage sweeping rate, the trap level is shifted by the Laplace potential (9) , altering the corresponding capture and emission probabilities. Near resonance, the probabilities are almost equal, creating fast transitions between the two-states (0 and 1 in Fig. 4) , provided the voltage sweep rate is faster than the trap lifetime [25] . From the timedependent current and a given voltage sweep rate, we can obtain its , as shown in Fig. 5 . For suitably chosen parameters, our model can reproduce experimental data semi-quantitatively. Furthermore, the transitions among the various trap excitations are expected to be molecule-specific, leading to a corresponding uniqueness of the voltage windows over which the RTS signals are observed. By combining a trace of these windows, and their behavior under additional probes such as drain voltage or magnetic fields, we can characterize the sequence of excitations, as well as the physical location of the trap along the channel.
IV. CONCLUDING REMARKS
In contrast to traditional optical methods of molecular detection based on fluorescence assays, ChemFET-or SurfFETbased electronic detection can be integrated onto a scalable chip platform [26] . ChemFETs offer distinct advantages over the conventional ion-selective electrode [27] , because of compactness, low-output impedance, fast response, and the ability of mass-fabrication. ChemFETs based on silicon nanowires, carbon nanotubes, and other nanomaterials have already proved to be very useful in detection of macromolecular complexes such as proteins, biomolecules, and toxic gases [20] , [28] - [33] . The use of surface receptors has limitations, including the need for additional steps in an assay, the difficulty in detecting certain biochemical activities, and the inability to identify unanticipated molecules. The compatibility of the nanosensor fabrication technique with currently available complementary metal oxide semiconductor (CMOS) technology would allow the manufacturing of sensor arrays, complementary error detection, and integrated signal processing electronics [34] , [35] . Thus, ChemFETs enable direct, label-free, real-time, and continuous sensing of ionic or dipolar molecules, and are suitable for big molecular complexes. This nanosensor can also be useful in nanomedicine, which refers to highly specific medical inventions at the molecular scale, enabling detection of proteins and other biomolecules released by cancer cells. This is crucial from therapeutic point-of-view to diagnose cancer at its early stage of development [36] , [37] .
The fabrication of an RTS-based nanosensor is similar to a standard ChemFET from a lithographic point of view, although it needs a solid-state environment for Coulomb Blockade and specialized surface functionalization schemes to maximize wavefunction overlap with the channel. It should also provide adequate resolution of the scanned trap levels within the channel bandgap to allow selectivity of small chemical molecules with well-defined electronic structures. Detailed analysis of noise-like random telegraph signals, originating from only one or a few impurities within the conduction channel of the transistor, will enable us to localize and characterize molecular impurities in the system. While RTS has been used extensively in the early days of transistor technology to weed out impurities, the novelty of its present-day incarnation arises from the small size of the underlying transistor that makes its transport quasi-ballistic and considerably more sensitive to surface processes, while enabling the deliberate engineering of few (often one or none) adsorbates, or ordered arrays of molecular adsorbates through self-assembly. Beyond its impact on the nanoscale sensing paradigm, the detection and characterization of surface impurities will be crucial for the future of transistor technology, as the aggressive scaling of electronic devices makes them sensitive to overwhelming amounts of low-frequency noise arising from a thermodynamic superposition of RTS signals from uncontrolled dopants, defects and dangling bonds.
